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Measurements  were  made  on  an  eleGtriGally  powered  annuiLar 
thin  jet  Ground  Iffeot  Machine  in  hovering  flight  to  deter* 
mine  the  lift  versus  height  at  various  power  levels;  the 
restoring  moment  and  sideforce  due  to  the  angle  relative  to 
the  ground;  the  roll  st^ility  with  the  maGhine  pivoted  at 
the  hase^  and  then  at  intermediate  and  high  positions  ahove 
the  base,  with  the  center  of  gravity  low>  high  and  extra 
high  for  each  pivot  position;  and  the  behavior  of  the  ma* 
chine  with  the  pivot  free  to  move  sideways.  Finally  the 
machine  was  flown  without  any  constraints  in  the  low^  high 
and  extra  high  CG  positions. 

It  was  determined  that  the  lift  vector  remains  normal  to 
the  base  within  an  angle  not  greater  than  0.06  times  the 
angle  between  the  machine  and  the  ground^  and  that  the 
stability  is  virtually  unaffected  by  the  height  of  the  CG 
relative  to  the  base,  provided  that  the  machine  is  clear  of 
contact  with  the  ground  or  any  other  obstacle. 

The  es^eriments  are  illustrated  by  16  diagrams  and  4  photo* 
graphs.  An  Srom.  color  movie  was  made  showing  each  of  the 
tests  in  the  order  in  which  they  were  performed. 
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i »  INTRODUCTION 


In  most  sutfaGe  tra&siport  vehiGles  it  is  neGeSsary  to  limit 
the  lieigiht  of  the  Genter  Of  gravity  in  Order  to  preserve  a 
margin  of  safety  against  overturning  following  a  small  or 
finite  angular  displaGement  in  roll^  This  is  generally  he^ 
Gause  the  reaGtions  of  the  supporting  system  inGlude  a  verti 
oal  force  opposing  the  weight  hut  displaGed  hy  an  amount  pro 
portional  to  the  height  and  the  angle  of  tilt^  This  exerts 
an  overturning  moment  which  will  prevail  over  the  restoring 
forces  if  the  height  is  large  enoughs  Figure 

The  GEM  is  peculiar  in  that  the  main  lift  is  due  to  statiG 
air  pressure  under  the  base  which  to  a  first  approxdjnation 
continues  to  act  normal  to  the  base  when  the  machine  is 
tilted^  and  therefore  does  not  exert  an  overturning  m^ent 
about  the  gG/  whatever  the  height  may  be»  we  may  therefore 
ei^ect  the  rolling  stability  to  be  independent  of  the  height 
of  the  CG,  and  presume  that  instability  cannot  be  caused  by 
variation  in  CG  height. 

However,  s tan ton^jones  on  page  44  of  referenGe  1  gives  an 
egression  for  the  stlitiG  stability  which  does  involve  the 
height  of  the  CG  above  the  flat  bottom  of  the  ma chine  ai®* 
though  in  Figures  IS  and  17  of  the  same  paper  he  shows  the 
resultant  lift  as  normal  to  the  base  of  the  G^  and  in  sub** 
sequent  correspondence  insisted  that  a  cG  height  correction 
was  in  fact  necessary  for  satisfactory  behavidr. 

In  order  to  try  to  establish  e3q>erimentally  the  true  facts 
of  the  matter  the  present  investigation  Was  authorized  by 
u,  s.  Army  Transportation  Research  Coitunand  under  contract 
Number  DA  44-s177*tc»830. 
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2  »  SIMPLE  THEORY 


2 i 1  No  Contadt  with  the  SurfaGe 


S^e  insight  into  the  toll  hehaviot  of  a  G@4  may  he  gained 
by  assuming  that  damping  of  all  osoillations  is  small/  and 
that  the  terms  causing  damping  can  be  neglected  in  the 
analysis  > 

consider  the  GEM  shown  in  Figure  2#  ^e  GEM  is  rolled  to 
an  angle  f#  and  the  resultant  force  L  is  rotated  through 
an  angle  cp  +  x  to  the  verticals  A  ffiGSnent  M  determined  by 
the  angle  cp  is  generated  by  the  roll/  and  there  will#  of 
course#  be  a  lateral  force  L  (cp  +  x)  /  assuming  that  the 
angles  are  small « 


Figure  2.  Rolling  GEM  with  no  Dagmping  Forces 
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T^ing  moments  about  the  C6, 


which  represents  an  undamped  osciliation  of  frequency 


^(-  “  +  I-V'l 


is 


and  period 


'^e  lateral  oscillation  is  forced  by  the  roll  so  that 

^  ^  1^“  0 

and  this  represents  a  lateral  oscillation  of  C6  forced  by 
the  roll  amplitude^  wii^  the  displacement  x  in  phase  with 
cp  since  no  restoring  force  proportional  to  x  or  &  is  assumed 
to  exist, 

Ihe  combined  mode  will  therefore  be  an  oscillation  in  roll 
about  the  GG,  combined  with  a  lateral  oscillation  of  the 
CO  in  the  same  direction  as  the  movement  of  the  base  due  to 
the  roll. 

At  some  point  P  at  a  distance  f w  above  the  GG  the 

lateral  acceleration  will  be  zero, 

<'‘p  '  V  » "  * 

i  .  /  ,  1  ^  “ _ 

Writing  x  ^  note  that  if  Xtp  is  constant,  the  distance 
Jtp  is  equal  to  (1  +  Xip)  times  the  length  of  a  simple 
pmdulua  of  the  same  period  as  the  oscillation. 
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In  tile  partiGiiiat  case  of  the  thin  jet  GEM  it  is  believed 
that  Xcp  ^  0»  thetefosre  x  is  always  zero  and  the  GM  will 
osGillate  about  an  axis  stationary  in  space  located  above 
the  CG  of  the  machine^  the  distance  front  this  axis  to  the 
GG  being  the  same  as  the  length  of  a  simple  pendulum  of 
the  same  periods 

2i2  She_  Effect  of  GpntaGt„with  the  Surface 


suppose  that  some  part  of  the  G^  touches  the  surface^  so 
that  lateral  movement  is  impeded^  such  a  condition  can 
arise  if  the  edge  strikes  the  ground/  or  if  the  machine  is 
fitted  with  a  keel  which  dips  slightly  below  the  surface  of 
the  water* 

Hie  Solution  in  the  latter  case  is  complex  =  see  Appendix  i  « 
since  a  lateral  force  proportional  to  velocity  will  be  gener* 
ated* 

However/  if  we  assume  the  effect  is  very  large/  the  result 
will  be  that  lateral  motion  of  the  machine  at  this  point 
will  be  prevented/  and  the  machine  will  rotate  in  roll 
about  the  point  of  contact,  (q) 

Hence  the  stability  of  the  GEM  will  depend  on  the  condition 
that  the  total  moment  about  the  point  0  must  be  stabilizing* 
Figure  3* 

Hie  condition  Cited  by  Stanton^ Jones /  reference  1«  may  be 
intended  to  guard  against  instability  when  the  bottom  of 
the  GEM  touches  the  crest  of  a  wave. 

2.3  Experimental  GOnfirmation 

To  Support  the  assertions  of  si^o’Sections  2.1  and  2.2/  some 
.further  evidence  is  needed,  it  was  therefore  proposed: 

a.  To  expoiuid  a  more  comprehensive  theory  including 
dmriping  effects  in  roll  and  translation. 

b.  To  measure  the  static  stability  derivatives  for 
a  model* 

G,  To  check  the  behavior  of  the  model  in  free  or  partly 
constrained  flight  to  verify  the  relation  between 
the  CG  and  the  rolling  axis  position,  and  ^e  effect 
of  surface  contact. 
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Figure  3.  Rolling  GEM  with  Surface  contact 
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3 .  MODEL  AND  EXPERIMENTAL  ^CEMI^ 


3.1  The  Model  GEM 

Ea^ly  e^eriJiients  in  1961  with  a  free  flight  plenum  changer 
model  suggested  that  the  simple  theory  outlined  in  section  2 
e^lained  the  main  features  of  the  motion,  so  it  was  agreed 
under  this  contract  to  huild  a  'thin'  annular  jet  model  with 
more  accurately  defined  characteristics. 

ihe  model  shown  in  Figure  4  was  built  to  our  reguirments 
by  the  MEX3C0PT£ii  Model  Research  company  of  Arvada,  Colorado, 
on  arrival  it  was  fitted  with  a  frame  and  rigging  to  support 
ballast  weights  in  a  high  position,  or  on  lateral  booms  to 
give  roughly  the  same  moment  of  inertia,  in  the  lower  posi¬ 
tion  the  CC  is  34.1%  of  the  beam  above  the  base,  and  in  the 
higher  position  is  65.8%  above  the  base.  The  bare  model 
weighs  224.6  grams,  and  the  two  Cg  trim  weights  are  32  grws 
apiece.  For  details  see  Table  1. 

The  model  is  powered  by  two  small  permanent  magnet  direct 
current  motors  connected  in  series  to  ensure  that  the  same 
Current  flows  to  both  motors.  The  fans  are  mounted  in 
faired  entries,  but  no  special  provision  is  made  to  distri«^ 
bute  the  air  evenly  to  the  periphery.  The  annular  jet  is 
vertical  and  1/8"  wide. 

stabilizing  jets  each  1/8”  wide  are  cut  in  the  base,  the 
total  area  of  the  stabilizing  jets  being  5o%  of  the  area 
of  the  annular  jet.  They  give  excellent  stability. 

The  original  intention  was  to  build  an  ellipsoidal  bowl  for 
free  flight  tests,  the  stability  derivatives  being  deter¬ 
mined  from  the  motion  and  attitude  in  the  bowl,  but  prelimi¬ 
nary  es^erwents  showed  that  this  procedure  was  insufficiently 
accurate  to  checH  the  theory. 

A  special  test  rig  was  built  which  enabled  the  model  to 
pivot  freely  about  the  roll  and  one  other  axis,  while  re¬ 
straining  it  in  yaw  and  fore-and-aft  motion.  Figures  5,6, 

7 ,  and  8 • 

3.2  Measurement  of  lift 

The  model  was  pivoted  slightly  above  the  CG  between  the  arms 
of  a  horizontal  weigh  be^,  and  the  beam  was  pivoted  to  allow 
vertical  movement  of  the  model.  The  movement  was  magnified 
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in  last  series  of  tests,  including  free  fligJit. 


Figure  5,  Test  Rig  Set  Up  to  Measure  Lift 
or  Static  Stability 
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7 .  G)^  Test 

and  ^ 


ypper  Pivot 


8,  OEM  NQ^el  »  Qu^si’RFree 
Oscillation  Test 
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by  an  optiGal  levef  system  so  that  vettioal  displaGements 
Were  read  out  dlreGt  On  an  enlarged  SGale^  The  pivoting 
Of  the  model  near  the  C6  ensured  that  the  inherent  sta¬ 
bility  would  hold  the  model  parallel  to  the  ground  board* 

Readings  were  then  taken  of  the  variation  of  rise  height 
with  Gurrent  for  the  model  alone  lifting  its  ovm  weight; 
and  then  with  weight  inGreased  or  deGreased  by  adding 
Weights  to  either  end  of  the  weigh  beam*  figure  9* 

These  were  then  Gross-plotted  to  give  the  variation  of 
lift  with  rise  height  for  suitable  fixed  Gurrent  values* 
Figure  10* 

The  variation  of  lift  wiidi  Gurrent  is  of  strange  form;  no 
doubt  refleoting  the  variation  of  fan  and  duot  effiGienGies 
with  fan  speed;  but  the  results  are  remarkably  Gons^tent 
and  the  cross  plots  of  rise  height  against  (lift)~^/^  are 
linear;  as  would  be  ejected* 

From  the  graphs  the  lift  of  the  gem  can  be  read  for  any 
rise  height  and  motor  current. 

See  also  the  tabulated  results  in  fable  2* 

3.3  Measurement  of  static  stability  in  roll 

The  lift  balanGe  beam  was  now  Glamped  to  give  a  fixed 
rise  height*  An  additional  mirror  was  fixed  to  the  GEM 
model  to  give  a  reading  of  roll  angle. 

The  variation  of  roll  angle  with  applied  rolling  moment 
(obtained  by  hanging  knovm  weights  on  the  yardarms  of  the 
GEM)  was  recorded  for  a  given  motor  current;  and  is  plotted 
in  the  form  of  M/La  versus  ?  (radians)  in  Figure  11  for  a 
motor  current  of  1.2  ^ps  and  a  rise  height  of  6*7  cm* 

(h/a  -  0*0335.) 

As  a  check  a  second  run  was  made  at  this  altitude  with  a 
motor  current  of  1*0  amp  and  showed  excellent  agreement 
with  the  previous  results. 

Further  tests  were  made  at  h/a  values  of  0*0174;  0*080  and 
0*114;  and  also  appear  consistent*  (The  large  zero  error 
for  h/a  ™  0*114  is  not  significant  since  the  model  was  not 
statically  balanced  and  the  roll  stability  was  very  low  at 
this  height*)  Figures  12;  13;  and  14. 
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Figure  9,  Variation  of  Rise  Height  With  Current  for 

Fixed  Lifts 
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Fifure  10,  Variation  of  Lift  with  Rise  Height  for 
Fixed  itotor  Qurrents 
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TABLE  2 

mRlATlON  OF  RISE  HEIGHT  WITH  GURRENT  FOR  PI3CED  LIFTS 


LIFT  i  (^ps) 

(grains)  h  (on) 


2S0.4 


224.6 


L  1.50 

1.40 

1.40 

1.30 

1.30 

1.20 

1  0.377 

0.338 

0.325 

0.260 

0.273 

0.234 

L  1.20 

1.10 

1.10 

1.00 

1  0.221 

0.091 

0.117 

0.039 

0.622  0.584  0.590  0.503  0.503 


0.480 


182.4 


156.4 


0.078 


0.468 


0.298 


.97 

.247 

.80 

.065 


.30 

.740 

.90 

«338 


0.364 

0.182 

0.065 

0.70 

0.013 


2  0.337 


0.143 


8 


0.051 


0.69 

0.039 


1.00 

0.727 


123.1 


1.00 

0.975 


H 
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r-o.oa 

Figure  14.  Static  Stability  in  Roll 

Hie  slope  at  zero  roll  angle  was  read  off  from  the  curves, 
multiplied  by  h/a,  and  plotted  against  h/G,  the  height/ 
thicHhess  ratio  of  the  jet  in  Figure  15.  M.C*  lames,  in 
reference  2,  has  determined  the  maximum  static  stability  to 
be  e?^ected  from  a  gem  in  which  the  two  halves  of  the  air 
cushion  defined  by  the  roll  axis  are  separated  by  a  flexible 
preSsure«supporting  membrane.  His  result  for  the  case 
where  the  two  halves  of  the  annular  jet  are  supplied  from  a 
single  source  of  constant  total  head  ^  the  plenum  box  in  our 
ease  is  also  plotted  in  Figure  15;  also  his  own  suggestion 
of  the  practical  maximum  (50%)  whe^e  the  mend>rane  is  fe^^ 
placed  by“a  large  transverse  jet. 

Hie  results  indicate  that  at  all  altitudes  the  stabilizing 
jets  give  about  90%  of  the  practical  maximum. 

Detailed  results  are  given  in  Table  3. 
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0 . 0067  -0 . 0131  -0 . 010' 

0.0440  -0.O8'50  -0.1261 


3*4  Measurement  of  Resultaflt  Fogce  RofeaMon  to 
Roil  Angle  ‘ 

fhe  measur^ent  of  the  side  forGe  due  to  roll  angle  is 
very  deliGate  sinoe  it  must  he  made  in  the  presence  of 
a  large  lift* 

for  this  measurement  the  model  was  supported  from  a  long^ 
halanGed  "trapeze"  structure  pivoted  to  rotate  about  an 
axis  147*3  centimeters  above  ground  board*  fhe  model  was 
accurately  leveled  and  then  clamped  in  the  trapeze*  Dis» 
plac^ent  of  the  model  and  trapeze  could  then  be  read  by 
another  mirror  system* 

The  model  was  given  an  equivalent  roll  angle  by  tilting, 
the  ground  board,  the  tilt  also  being  measured  by  an  opti^ 
cal  pointer*  fhe  tilt  produced  a  slight  displacement  of 
the  model  away  from  the  ground  board,  and  this  was  nulled 
by  adding  small  known  weight  to  the  yardarm  of  the  gem* 

fhe  applied  moments  and  grotmd  board  tilt  were  recorded* 

fhese  moments  as  measured  are  represented  by  the  esqpresslon 


%  -  ^ 

where  1  is  the  height  of  the  trapeze  pivots  above  the  6E^ 
base  (»  146. 6an)* 

M  was  determined  by  the  measurement  of  roll  stability, 
section  3 .I*  s^tracting  this  in  the  appropriate  sense  we 
obtain  values  for  the  term  Llxcp*  L  is  known  from  the  motor 
current  versus  lift  calibration  of  section  3*2* 

Hence  values  for  Xm  are  determined,  and  are  seen  to  be  very 
small,  lying  between  minus  6.06  and  zero. 

Measured  points  are  plotted  in  figure  16  and  are  compared 
with  results  derived  from  the  University  of  Wichita  and 
other  tunnel  tests  in  Appendix  2,  it  is  evident  that  the 
special  procedure  and  equipment  used  is  far  more  accurate 
than  the  use  of  a  general  purpose  sixs-component  wind  tminel 
balance,  and  that  for  the  6^  tested  the  resultant  force  is 
sr^stantiaiiy  normal  to  the  base* 
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Figtire  16.  Comparison  of  Heasiiredi  ¥alTie  of  x„,  with 

-firrMini  v  TTf  ^ 


3  *  S  Quas 4»f ree  _Qagillafei6n  JteasMgenienfes  ( Table  4 ) 


It  was  desired  to  Study  the  free  oSGillation  of  the  GM 
in  roll  and  lateral  displaGement^  but  applying  oonstraint 
to  prevent  fore«and«aft  or  vertiGal  motion  and  yaw^  and 
thus  also  providing  a  means  for  the  aGourate  reGording  of 
the  roll  angle  and  the  lateral  displaGement^ 

This  was  aGhieved  by  suspending  the  GEM  in  the  long  tra¬ 
peze  frame^  the  frame  being  pivoted  parallel  to  the  GEM 
roll  axis  l47i3Gm  above  the  surfaee  board*  and  displaee- 
ment  of  the  frame  relative  to  the  vertioal  axis  being 
reGorded  by  a  computer  type  low  frietion  potenticmeter 
attaGhed  to  the  main  structure*  the  output  being  reGorded 
on  a  Minneapolis-Moneywell  visiGorderi 

The  GIM  itself  was  also  free  to  roll  relative  to  the  frame* 
and  the  vertical  position  of  the  roll  pivots  eould  be  var*^ 
ied  without  altering  the  hover  height  of  the  Goi*  The  roll 
displacement  relative  to  the  trapeze  was  measured  with  an 
eleGtrolytic  potentiometer  (thus  ensuring  no  measurable 
constraint  of  the  GEM  roll  motion) *  and  recorded  on  the 
visiGorder i 

Note  that  in  the  setup  the  GEM  is  not  necessarily  hovering 
and  thus  can  be  tested  at  greater  altitudes  than  the  engine 
power  will  Supports 

Great  care  was  taken  to  minimize  the  inertia  and  stability 
effects  of  the  trapeze  frame* 

3.5(a)  Measurement  of  Roll  Damping 

The  GEM  was  supported  in  the  trapeze  frame  with  the  pivot 
axis  just  above  the  cg*  and  the  trapeze  was  locked  to  the 
ground  board  to  prevent  lateral  motion. 

A  typical  oscillation  is  shown  in  Figure  17a  for  a  ground 
clearance  of  0.67cm  (h/a  =  G.032),  The  freguency  of 
osciliation  and  the  damping  factor  are  given  in  Table  4* 
corrected  to  the  free  flying  weight  of  288  grams. 

3 . 5  (b)  Meesurement  of  Lateral  Force  Deonping 

For  this  experiment  the  roll  pivot  was  locked  and  the  tra* 
peze  aliowed  to  swing  about  the  upper  pivot  assembly. 


TABLE  4 

REStfLTS  OF  OSCILLATION  TESTS 


Conditions  of  Weight  of  model  GEM 
Test  Motor  Current 

Lift  exerted  by 
Rise  Height 


grams 

amperes 

grMis 

mi. 


2m,  6 

liO  or  0 
170.0  or  0 
0,66 


Quantity 

1 

Spnbol 

- — 1 

units 

Cbserved  Value 

Nondimens i ona 1 
Stiffness  in 

Roll 

f 

1 

0,982 

0,97  in  static 
tests  of  Section 

3,3 

Angular  Displace^^ 
ment  of  Lift  veo* 
tor  relative  to 
GEM,  per  radian 
of  roll  angle 

9 

-0,105 

-0,03  in  static 
tests  of  Section 

3,4 

Angular  fteguenGy 
of  Osoiliation 

w 

radians 
per  second 

9.8  about  fixed  axis 
10,1  about  natural 
axis  (interpolated) 

Rolling  Moment 
due  to  Rate  of 

Roll 

. 

dyne  centi'^ 
meters  per 
radian  per 
seoond 
(gr^  cm,/ 
sec) 

-96,700 

Sideways  Force 
Sideways  Velocity 

'  Ox 

t 

i. . 

dynes  per 
centimeter 
per  second 
(gr^s/sec) 

^23.7  power  off 
-69,8  power  on 

i 
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Motor  Giirrent  Zero  Motor  Current  1  amj) 

Lift  Zero  Lift  170  pn 


(a)  Roll  OsGillation  -  Axis  Fixed  at  Fivot  1 


Motor  Current  Zero  Motor  Current  1  amp 

Lift  Zero  Lift  170  gm 


(b)  Translational  Oscillation  »  Roll  Fiyo%  Clamped 


I 


Figure  17.  Roll  and  Translational  Oscillations 
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Osgillat^ions  we£'a  reGdfded  wilih  and  without  the  GEM  power, 
thus  from  the  differenoe  of  damping  the  damping  forGe  aGt« 
ing  on  the  gem  due  to  laterai  motion  could  he  determined^ 
Figure  I7h. 

Results  are  given  in  Table  4  for  the  GEM/  GorreGted  to  a 
flying  lift  of  288  grams  (since  in  the  e^eriment  the  base 
lift  was  only  170  grams) « 

3»5(g)  Dete^ination  of  Effective  Roll  Axis  for 
Free  Flight  ° 

AGGording  to  the  simple  theory  of  section  2,  a  free-flying 
GEM  tends  to  rotate  in  roll  about  an  axis  fixed  in  space 
above  the  gG#  and  provided  that  the  constraint  of  the  tra¬ 
peze  is  negligible  this  can  immediately  be  checked  by  free¬ 
ing  both  the  roll  axis  and  the  trapeze  axis#  and  allowing 
the  Gem  to  oscillate  in  roll^ 

If  oscillations  are  recorded  about  a  series  of  roll  pivot 
positions*  varying  from  the  lowest  (below  the  GG)  to  the 
highest  (well  above  the  GG)  then  the  lateral  displacement 
oscillation  should  initially  be  in  phase  with  the  roll, 
gradually  diminish  to  zero  amplitude*  and  then  Increase  in 
anti-phase  with  the  roll  oscillation,  effective  roll 
axis  is  the  point  of  zero  excitation  of  the  lateral  oscil¬ 
lation*  and  according  to  the  simple  theory  the  distance  of 
the  axis  above  the  CG  is  -^p  -  ^w  ,  which  equals  le  • 
length  of  the  simple  equivalent  pendulum*  i.e.*  a  simple 
pendultim  with  the  same  period  as  the  GEM  roll  oscillation. 

However*  the  trapeze  does  have  some  influence  on  the  re¬ 
sults*  owing  to  its  stability*  its  inertia,  and  to  the  fact 
that  it  can  carry  a  portion  of  the  weight  of  the  G©i  unless 
the  lift  is  accurately  equated  to  the  weight,  if  the  con¬ 
ditions  at  zero  excitation  are  considered,  however,  the 
stability  and  inertia  of  the  trapeze  can  be  neglected*  and 
care  has  been  taken*  in  any  case*  to  make  these  small* 
leaving  only  the  effect  of  trapeze  'lift.* 

If  we  assume  that  at  the  pivot  a  vertical  force  is  exerted 
on  thw  GEM  equal  to  the  difference  between  the  weight  w 
and  the  lift  L*  then  it  can  easily  be  shown  that  the  dis¬ 
tance  of  the  roll  axis  above  the  CG  is  new  equal  to 
f g (L/W) . 

Recordings  were  made  of  the  two  oscillations  (roll  and 
translational)  with  weights  in  the  high  and  the  low 


positions j  and  with  the  pivots  at  stations  (1)  (low)  and 
(6)  (highest) .  The  records  for  the  high  CG  position  were 
spoiled  by  eddy  Gurrents  reflected  from  the  walls  of  the 
rocnii  bnt  the  low  GG  records  were  taken  very  quickly  be» 
fore  the  air  currents  formed^  and  seem  reasonabiei  fhese 
are  shown  in  Figures  18  and  19  and  Table  4  gives  the  de¬ 
rived  Values  of  the  parameters^ 

G5^  on  Pivot  1 


From  Tra¬ 
peze  Angle 
Pickof f 


LI 


Pickof f 


From  Pivot 
Angle  Pick- 
off 


r  1 


Figure  18,  coupled  Oscillation  (Low  CG) 


3»5(^)  Stability  Afeaut  an  Axis  Located  at  the  Base 

Stanton»Jdnes'  cdfrectidns  fo£  GG  height  lead  t©  the  con* 
elusion  that  for  the  GM  to  be  stable  in  free  flighty  it 
must  be  stable  about  an  axis  at  the  base  of  the  maehine. 

fhe  GEM  was  therefore  pivoted  in  roll  at  a  height  of 
O.S&em^  and  the  roll  oseillations  observed  and  filmed^ 

It  was  found  that  the  GEM  was  stable  about  this  axis  with 
a  base  lift  of  288  grams  and  the  GG  in  the  low  position^ 
but  was  unstable  with  the  GG  in  the  high  position*  This 
behavior  would  be  e^eoted  from  the  measured  results  of 
the  static  stability  derivatives. 

[to  achieve  this  large  lift  it  was  necessary  to  replace 
the  fans  with  fans  of  lower  pitch  to  increase  the  efficiency 
of  the  air  supply  system  and  then  to  recalibrate ^the  variae 
tion  of  altitude  with  input  Gurrent.  Figure  20* J 


Figure  19.  PeterminatiQn  of  Roll  Axis 


3 i 6  Free  Flight  Measugementa 

The  trapeze  measurments  of  effeGtive  roll  axis  were  in- 
suffiGient  to  demonstrate  Goncluslvely  the  effeGts  on 
stafeility  Of  CG  height*  so  as  a  final  GheGk  free-flight 
tests  were  madei 

Current  was  led  to  the  GiM  through  a  very  flexible  wire 
attaGhed  at  the  same  height  as  the  CG*  but  at  one  end  of 
the  maGhinei  With  this  attaGhment  it  proved  possible  to 
Gontrol  the  raaGhlne  position  in  yaw*  and  fore  and  aft* 
without  exGiting  roll  osGillations* 

The  roll  oseillations  were  filmed*  and  the  maGhine  was 
found  to  be  stable  with  either  the  high  or  the  low  CG# 
and  the  period  was  in  good  agreement  with  the  oalGulated 
values  based  on  the  statie  derivatives  * 

It  is  therefore  Glear  that  stability  about  the  base  does 
not  determine  roll  stability  in  free  flights 


Figure  20.  Variation  of  Rise  Height  with  Current 
for  Fixed  Lifts  Low  Pitch  Fans 


4.  CONCLUSIONS 


file  theory  and  ei^eriment  described  in  the  main  body  of 
this  note  show  that 

a*  The  stability  of  the  6M  in  hover  and  not  in 
contact  with  the  §roinnd  or  subject  to  large 
damping  forces  is  determined  by  the  moments 
about  the  center  of  gravity » 

%»  The  result^t  lift  acting  on  a  ''thin»jet''  6£Sm 
is  substantially  normal  to  the  base^  and  hence 
a  variation  of  CO  height  has  no  effect  on  the 
stability  of  the  OEM,  as  long  as  damping  forces 
are  small> 

c«  If  damping  forces  are  very  large/  as  when  the 
OEM  carries  a  keel  which  dips  into  the  surface 
when  flying  over  water,  then  to  ensure  stability 
the  total  moment  about  the  point  of  application 
of  the  damping  force  must  be  stable.  In  these 
circtsastances  a  high  CO  position  is  de^stabilizing. 

d*  If  a  OEM  with  a  flat  base  is  flying  over  water  at 
a  low  altitude,  intermittent  wave -top  contacts  may 
produce  sufficient  damping  force  to  affect  sta¬ 
bility.  In  this  case  it  may  be  appropriate  to 
teike  moments  about  the  base  to  determine  the  sta¬ 
bility. 

The  full  theory  is  developed  in  Appendix  I  and  should  be 
used  whenever  the  damping  forces  are  appreciable,  but  not 
dominant.  The  full  theory  shows x 

e.  That  the  simple  tbeory  gives  the  correct  results 
wherever  the  doping  Is  low  or  dominant  • 

f.  In  cases  where  the  damping  is  appreciable,  the 
simple  definition  of  stability  may  be  insufficient. 

A  good  guide  may  be  the  anaiysis  of  Appendix  I, 
which  determines  the  roll  displacement  due  to  sudden 
application  of  damping  force,  leading  to  contact 
with  the  surface. 

In  general  it  would  semn  that  any  practical  C6  position  will 
be  acceptable  on  stability  gr oMds ,  and  that  there  is  no  ob¬ 
jection  to  the  use  of  a  high  C6  as  rec^nmended  by  Chaplin  in 
reference  4  to  improve  dynamic  stability  at  high  speed* 
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free  gem  equations 

iNfRODUGflON  ARP  SUMMARY 

In  the  following  analysis,  eguations  describing  the  lateral 
and  rolling  motion  of  a  free-flying  GlM  are  derived,  sub¬ 
ject  to  the  assumptions  as  stated^  Three  particular  cases 
are  then  considered.  In  the  first  the  GM  is  acted  on  only 
by  its  weight  and  the  lift  and  moment  exerted  by  the  base# 
and  the  motion  following  a  rotational  disturbance  is  ex¬ 
amined,  The  effect  of  gG  height  on  stability  is  briefly 
discussed.  The  second  case  introduces  a  side-ways  force  at 
the  base  such  as  might  be  generated  by  grazing  contact  with 
the  ground  or  water  surface.  In  the  third  case  contact 
with  the  ground  or  other  obstacle  is  such  that  the  GEM  is 
arrested  at  the  point  of  contact.  The  subsequent  anfular 
excursion  of  the  GEM  is  expressed  as  a  function  of  the 
initial  lateral  velocity. 


ASSUMPTIONS  AND  GENERAL  GASj 

1,  Angles  of  rotation  are  small. 

2,  The  weight  w  »  mg  is  balanced  by  the  lift  L. 

3.  when  the  gem  rotates  about  its  center  of  gravity 

through  an  angle  «p  the  effective  point  of  action  of  the 
lift  L  is  displaced  a  distance  pa  along  the  base,  where 
a  is  the  beam  dimension  and  p  is  a  linear  fxinction  of  op. 
That  is#  p  -  Further,  the  lift  vector  rotates  reia«* 

tive  to  the  GEM  through  an  angle  x#  a  linear  function  of 
9,  so  that  X  ^  x^9.» 

4.  The  dra9  E  and  the  surface  force  F  are  both  linear 
functions  of  the  velocity  of  that  point  of  the  gem  at 
which  they  act. 

That  is#  £>  ^  P  times  velocity  at  point  of  action  of  P 
and  ,  ,  F  »  F  times  velocity  at  point  of  action  of  F, 
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Figure  21  i  Rolling  6lM  «  Notation  used  in  Appendix  I 

TaXe  spaGe  axes,  and  let  C6  be  at  (X,z)> 

Resolving  veftiGallyt 

L  =  w  (=  itig)  (1) 

Resolving  horizontally: 

rax  ^  L(9+x)  P  -  F 

i.e.  rax  =  «  l(1+x^)T  ^  P^Cx  +  (A^+Ap)?} 

i.e,  rax  +  (P^+F^)i  ^  "  ^v^W^^  “  L(l+x^)«P  (2) 
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Taking  m^ents  about  6: 

1=^  =  «  L(ap  +  i^x)  + 

“  F^(i^+ip){k  +  (A^+ip)^}  - 

where  is  the  angular  daiiiping* 

l.e.  m  *  iDyUjj-iy)”  ♦  fv'V^F*  * 

-  Pv  <V'‘w  >  *  *'v  ‘ V^F  <*> 

<^3E  VTO  g  AND  F  ARE  BOTH  ZS^Q  * 

Then  the  eguatiens  (2)  and  (3)  bectiae: 

X  m  ~  ^(1  +  X^)  9  (4) 

and 

Mr  , 

ep  +  ^  cp  +  (ap^  +  4^Xjp)  9^0  (S) 

Equation  (5)  can  be  written  in  the  form 

9  +  2Cw^9  +  (b^  9  ==  0  (6) 

and  is  representative,  under  stable  conditions,  of  a  damped 
simple  harmonic  motion  of  natural  rotational  frequency 
and  damping  factor  C  . 
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1 


l^e  solution  is  Of  fom: 


»d(t 

cj>o  e  gOS  u>t 


whenoe 


also 


<  <1 


(w,p  +  x^) 


2ci)^i 

n 


NOW  equation  (4)  indicates  an  oscillatory  motion  in  the  x 
direGtion,  since  the  drivinq  function  o  is  oscillatory^ 

The  frequencies  will  be  the  same,  but  there  may  be  a  phase 
difference  between  the  motions. 

Assume  that  x  is  of  form: 


—ttt  I  \ 

X  =  Xpe  cos  (wt  +  y) 


Substituting  this  in  equation  (4)  together  with  the  solution 
for  «p  yields: 

I  *  V 


4Q 


4*  im  n 

2gw  _ 

(14) 

^an  y 

CK® 

2£®=.l 

sin  Y 

y  igx 

cos  Y 

.  a  .  ...2 

=  2£®-l 

(16) 

Tlius  the  solutions  to  the  equations  of  motion  are: 

and 


<6  1  ^ 

"  o  a  *  (ap^  +  V^) 


where  w  is  given  hy  eguatipn 
C  by  equations  (14) ,  (IS)  and 
equation  (11). 


‘e““^  cos  (®t  +  V) 


(9) ,  v  is  given  in  terms  of 
(16) ,  and  i  is  given  by 


The  Effective  Point  of  Rotation 

Consider  the  point  where  the  GEN  axis  extended  intersects  the 
z«axis. 

The  intercept  on  the  6]^  axis  from  this  point  to  the  C6  is 
approximately  x 

? 


i.e. 


j  (1  +  Xjp)  eos(#t  +  Y) 
*  1  *  (ap^V  4^)^  *  cos  »t 


(18) 


This  is  the  length  of  the  effective  pendul\mi.  and  is  invariant 
except  for  the  effect  ot  the  phase  angle  y  ,  i>e.«  of  the 
damping  C  • 


the  Effect  of  _GQ  Height  oft  Stability 

C  =  from  Equation  (11) 

2VmgI  (ap^+i^Xjp) 


C  wil  fee  >  Q  provided  that  <  0 

and 

<^»<p  +  Vf>  ® 

pm  and  are  determined  fey  the  Gonfiguration  of  the 
fease  of  the  ^GEM* 

in  the  present  model  Pm  <  0*  M  <0  so  that  an 

inGrease  in  GG  height  ™  (i  )  "deGreasSi  stafeility*  In 
general  f  provided  that  the'*G^  is  stafele: 

(a)  if  Pm  and  Xm  l^oth  <  0*  increase  in  i  deGreases 
stability.  ^  ^ 

(fe)  if  p  and  Xm  both  >  0,  increase  in  i  incr eases 
stafeility.  ^  ^ 

(e)  if  p^  <  0  but  x„  >  0,  increase  in  i  inGreases 
stafeility.  ^  ^ 


CASE  WHM  F  IS  NOT  ZERO 


VRien  F  and  L  predominate,  equations  (2)  and  (3)  become; 


mx  +  F^  =  -  V*** 


[Mr  is  neglected  in  comparison  with 


faking  LaplaiSe  ^ans forms,  and 
after  simplif iGation,  in: 


eliijninating  x  textiis  results « 


+  &  (i  ^  P®  +  I 

\I  '  w  F'  m  J  ^  I 


F..L 


r  V  ■  <  V'f>} 


f  -  #  ( VV  ^ 


(21) 


where  x  =  -U  when  t  =  0, 

NOW  a  Gv^iG  eguation  for  a  stahle  system  indicates  a  Sul>Si- 
denGe  and  a  damped  osGillationj  and  is  of  form: 


+  (P^+  2Cw^cp  +  w?)  9  =  ku 


(22) 


under  the  conditions  selected  C  will  be  small  by  comparison 
with  a  and  w^.  fhus  equation  (22)  may  be  reo^written: 


|p®  +  op®  w^  p  +  aw®  f  = 


ku 


Comparing  coefficients  of  equations  (21)  and  (23)  gives: 

t 
t 

,  8 


--  ,  i\ 

i 


«4) 


ij  •  j  (ap,  + 


F  ii  ! 

^  ^  (ap„-^f„x„)  -  (^„  +  i„)  ) 


n  ml 


V 


w  » 

> 


If  the  assvsnptions  regarding  the  relative  magnitudes  of  C 
or  and,  w  are  justified,  then  the  above  equations  should  be 
consistent. 


i,e.  (24)  X 


,  which  leads  to: 


^he  left-hand  side  of  the  equation  is  the  Square  ©f  the 
anflular  rotational  frequenGy  of  the  system  ahout  the  sur- 
faGe  point i  Ihe  right-hand  side  represents  the  similar 
parameter  for  rotation  ahout  the  CG^  Thus  the  assumptions 
made  imply  that  the  system  would  behave  sijailarly  when 
pivoted  about  the  surfaGe  point  as  when  pivoted  about  the 
CG. 

OSGILlAmON  ABOUT  SlIRFAGE,  POINT,  OF  GONf AGT 


in  the  event  that  in  the  eourse  of  translational  motion 
a  Gentral  keel  or  other  projection  should  strike  the  sur- 
faGe,  the  G^  will  tend  to  rotate  about  this  points 

If  the  forward  lower  extremity  of  the  vehicle  is  to  avoid 
also  striking  the  surface^  the  maxim\rh  permissible  angular 
rotation  is : 

h 

"Pmax  =  ‘m 


Taking  momenta  about  the  surface  pointi  which  is  Gonsidered 
as  fixed,  leads  to: 


?  +  ^  f  + 
P 


cp  -  -f  Xp) }  y 


where 


Ip  =  I  +  m  +  ^j.)  and  L  =  W  =  mg 


and  when 


u 


t  ^  0,  cp  =  cpo  =  ^  (i.e.  initial  lateral  velocity 

F  of  base  TJ.) 


Ccxnpare  (28)  with: 


cp  +  2CQ^9+fiPcp  =  0 
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The  solul^lon  t:o  elation  (29)  is: 


cp 


“  IT 


sifi  Qtt: 


and  the  inaxiiittiB  value  of  f  Is: 


nax 


•  tTa 

'^o  “  m 

tr  ® 


Jg 

mr 


n  P 


where 


-  hA 


* 


-  f»(l  + 


(30) 


(31) 


(32) 
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APPEiroiX  II 


COLLECTED  DATA  ON  THE  ROTATION  OF  THE  RESULTANT  FORCE 

VECTOR  WITH  GEM  ROTATION 


INTRODUCTIM 

It  Would  seem  obvious  at  first  sight  that  the  resultant 
force  on  a  GEM  would  always  be  normal  at  the  base,  inde¬ 
pendent  of  the  roll  or  pitch  angle,  since  the  major  part 
of  the  resultant  force  is  due  to  the  pressure  at  the  base. 

However,  in  the  case  of  the  plenum  chamber,  Ken  Wernicke 
of  Sell  Aircraft  has  shown  that  the  resultant  force  ro¬ 
tates  faster  than  the  normal,  and  in  the  limit,  twice  as 
fast. 

The  following  information  was  collected  from  all  available 
wind  tunnel  data  in  the  att^pt  to  shew  whether  or  net  the 
results  for  thick  jet  gems  tend  toward  the  plenum  chamber 
result  as  other  GEM  pr^erties  do. 

RESULTS 

University  of  Wichita  Tests 

The  university  of  Wichita,  Engineering  Research  Division 
have  concluded  a  long  series  of  generalized  wind  tunnel 
tests  on  ground  effect  machines,  but  the  results  of  most 
tests  are  not  sufficiently  accurate  to  check  the  angle  Of 
lift  because  the  internal  aerodynamics  of  the  model  (which 
was  supplied  with  air  frcni  an  external  source)  evidently 
varied  as  the  model  incidence  was  changed. 

The  writer  had  one  additional  series  of  tests  run,  the 
"slanted  groiuid  board  tests"  in  which  the  models  were 
held  at  ail  times  at  zero  incidence  to  the  tunnel,  but  the 
grovmd  board  incidence  was  changed.  This  test  therefore 
gives  the  static  lift  and  drag  acting  on  the  model  on  model 
axes.  Tests  were  run  at  and  -2,5°  ground  board  set¬ 

ting  and  it  may  be  assumed  that  any  difference  in  model 
drag  will  be  due  to  rotation  of  the  resultant  force  vector 
(assuming  that  the  flow  distribution  in  th^  jet  is  not 
affected  by  the  incidence  in  such  a  way  as  to  give  a  drag 
force  on  body  axes,  ^is  se^s  plausible,  at  least  when  1, 
the  jet-inclination  angle,  is  small,) 


Figure  22 »  Forge  Diagram  of  Wichifea  Tests 


Figure  22  shows  the  force  diagram  for  the  Wiohita  tests, 
with  the  ground  board  set  at  inoidenGe  as  explained^ 

tan  6  =  S 


tan 


p(a  =  ^  2^§  deg)  b(g  “  2*|  deg) 

L  ( +  2  •  §“de§  2  *3  deg) 


beGause  the  value  of  D  at  »  Q  was  appreciable  owing  to 
reactions  of  the  supply  pipe  to  the  air  Supply. 

If  Wernicke's  theory  holds. 


tan  ^ 
tarT  g 


^  +  1,0  as 


G 

h 


i 


If  the  resultant 


force  is  normal  to 
tan  6 


tan  g 


=  0 


the  base 
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R^suits  arg  plotted  in  Flguzfe  24  and  at  fitst  sight  show 
a  Strong  tendenGy  toward  the  wernieke  theory  for 


<  l^S 


In  fact  this  GenGlusion  iaj|y  be  erroneous*  the  only  tests 
for  whiGh  tan  6/tan  a  definitely  exceeds  0  are  h/d  =  10% 
and  S%/  X  =  0°  and  30®*  for  which  the  jet  flow  distribution 
is  very  poor  and  conditions  inside  the  model  may  in  any 
case  approach  the  plenum. 

NASA  Tests  (reported,  ib  i^SA  Tech*  Note  p*  317) 

NASA  tested  a  thin  circular  gem  with  external  air  supply* 
incidence  was  varied  by  rotation  of  the  model  about  the 
supply  pipes  thus  minimizing  effects  due  to  air  flow* 


Figure  23,  Force  Diagrcun  for  l^SA  Tests 

Lift  and  drag  were  measured  on  a  wind  tunnel  balance * 
and  designated  T^,  T^  in  TN  P317* 

Here,  tan(c  +  ^  ^ 

^  °  l _ , 

tail  c  tan  c 
for  small  values  of  6 


49 


TABL^  6 

RESULTS  OF  NASA  TESTS 


e 

1  =  0.05 

r 

c 

1  =  0.11 

a 

tan  Of 

L 

D 

D 

L 

L 

D 

—ns — 

L 

-8 

»,140 

,  — 

— — 

:  1,10 

,185 

.168 

«,070 

2,04 

-,145 

-,071 

1,33 

.110 

,  083 

=2 

-,035 

2.30 

-,055 

-,028 

0 

0 

2,50 

+,03 

+,012 

1,50 

0 

0 

2 

‘^,035 

2,42 

,120 

.  050 

— — 

4 

,070 

2,22 

,200 

.091 

1,52 

^,12 

,079 

§ 

,140 

---- 

1,32 

^.21 

,159 

Cross  plottinf  these  results  gives 


»/%  *  »-o  ^  •  '  0-iw 


These  results  are  plotted  on  Figure  24  and  agree  with  the 
Wiohita  data. 


English  Electric  CoBipany 

Mr,  Roland  Hunt  has  data  on  one  thioH  jet  condition#  t/d  =  0,10 
near  the  ground*  Results  are  being  sent  froan  England  and 
apparently  agree  with  the  trend  towards  the  plenum.  Figure  24, 
[ihese  results  have  now  been  plotted  : 
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Figure  24.  Collected  Results  (Appendix  II) 
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CONCLUSIONS 

For  tihe  ustial  run  Of  thin  jet  designs  Ge  ‘J  and  all  evi« 
dence  agrees  that  in  sUGh  Gases  the  resultant  forGe  is  si^- 
stantially  nornial  to  the  hase 


iri  = 


There  will  prohahly  he  a  tendenGy  with  thiok  jet  maGhines 
Operating  at  low  altitude  for  results  to  tend  to  the 
Wernicke  theory  as  h/Gg  ^  0*2 »  This  implies  that  the 
resultant  force  vector  leads  the  norinalj  and  that  the 
resulting  restoring  moments  will  be  greater  the  higher  the 
CG  position* 
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